In this paper, a high rigidity and high speed rotating mechanism using a new concept hydrodynamic bearing in X-ray tube for high speed computed tomography is proposed. In order to obtain both the stability and the high load carrying capacity, the hydrodynamic bearing lubricated by liquid metal (Gallium alloy), named as the hybrid hydrodynamic bearing generates the lubricating film by wedge effect on the plane region between the spiral grooves under high loading condition. The parallelism between the bearing and the rotating body can be secured by optimizing the rigidity distribution of stationary shaft in the proposed rotating mechanism. By carrying out the fundamental design by numerical analyses, it has been made clear that the hybrid hydrodynamic bearing and the rotating mechanism are suitable for the X-ray tube used in the CT with ever-increasingly scanning speed.
Introduction
A rotating anode type X-ray tube is used as the X-ray source for medical imaging in a helical scanning CT (computed tomography). The X-ray tube revolves helically around a patient and the 3-dimensional images in human body are obtained. Then, large centrifugal force due to the helical revolution acts on the X-ray tube. Recently, the centrifugal force increases further because the scanning speed of CT is increased for the purpose of decreasing the diagnosis time. As a result, the loading conditions of the bearings supporting the anode target become very severe. However, it is needed to increase the rotating speed of anode target in order to obtain high resolution images and to decrease dosage of X-ray.
The target is supported by ball bearings lubricated with soft metal such as lead or silver (1) , because X-ray is generated by bombing electron beam to the target in high vacuum atmosphere. However, the load carrying capacity of ball bearing lubricated with solid lubricants is remarkably lower (2) , (3) than those lubricated with oils or greases. Therefore, it is difficult to increase the rotating speed of target under large centrifugal loading, and the requirements of high scanning speed CT cannot be satisfied.
In this paper, a high rigidity and high speed rotating mechanism using a new concept hydrodynamic bearing is proposed in order to realize the X-ray tube suitable for high scanning speed CT. Furthermore, the possibility of realization and the performance of the rotating mechanism have been verified by carrying out the fundamental design by numerical analyses.
2. X-ray tube suitable for high scanning speed CT 2.1. An outline of rotating anode type X-ray tube Fig. 1 shows the rotating mechanism of a typical rotating anode type X-ray tube. X-ray is generated by bombing the electron beam emitted from cathode to the target in high vacuum atmosphere (4) . The target is made of heat resisting material such as molybdenum (Mo) alloy or graphite, and the bombing area on the target surface is a thin plate of tungsten (W) alloy, which is formed together with Mo target by sintering. When the electron beam is bombed to the target, the local temperature of the focus spot rises to about 2900 °C, and the target surface may be destructed by the thermal shock instantly. Therefore, for a rotating anode type X-ray tube, the heat generation on unit area per unit time is kept under a permissible amount by rotating the target, and the critical damage of target surface due to the thermal shock is prevented. Generally, the ball bearings (1) lubricated with solid lubricants are used to support the rotating body in which the target is included, because the ball bearings are put under the high temperature (up to 550 °C) and high vacuum (below 10 -4 Pa) condition. The electric conductivity is required between the rotating body and the stationary shaft, and soft metal such as lead or silver is used as the solid lubricant and is coated to the balls in a thickness less than 1 µ m. The shaft of rotating body and the stationary shaft are made of SKH4 (high speed tool steel). The stationary shaft diameter is about 10 mm for the X-ray tube used for ordinary medical X-ray systems.
Required performances of X-ray tube for CT
The X-ray tube in a helical scanning CT revolves helically around the patient. Then, the target has two kinds of motion, the rotation about its own center axis and the revolution around the patient as shown in Fig. 2 . For example, when the orbital diameter is 1600 mm and the revolution speed is 150 rpm, a centrifugal acceleration of 20G is generated on the X-ray tube. The rotating mechanism of X-ray tube should be tough enough to resist such large centrifugal load. On the other hand, in order to obtain high resolution diagnosis images and to minimize the X-ray dosage to patients, it is required to increase the rotating speed of target. The reason is that the heat generation per unit time on the target surface can be decreased, and the high density electron beam can be bombed to a smaller area (a smaller focus spot). However, in the case of X-ray tube under large centrifugal loading, the rotating speed of target is currently limited to about 6000 rpm because the load carrying capacity of ball bearings lubricated with solid lubricant is remarkably low. Therefore, it is difficult to increase the rotating speed beyond 6000 rpm. In order to solve this problem, hydrodynamic bearing using liquid gallium alloy as the lubricant, that is liquid metal film bearing, has been developed (5) for the use of other systems. Journal bearings using liquid sodium as the lubricant were already studied (6) for FBR (Fast Breeder Reactor) in nuclear power plant. However, compared to the liquid sodium lubricant (7) , the liquid gallium alloy is easy to handle. This is due to that, the liquid gallium alloy shows poor reactivity and remains in the liquid state within the temperature range of the operation of X-ray tube (from normal temperature to about 300 °C). Moreover, because the vapor pressure is very low (<10 -5 Pa) compared to that of other liquid metal such as mercury (36.38 Pa at 100 °C), the liquid gallium alloy can be used in the high vacuum condition. Consequently, the liquid gallium alloy is the best fluid lubricant for the hydrodynamic bearing in X-ray tube. But, the spiral grooved bearing is adopted, and only the weight of the rotating body is considered as the load carrying capacity. Moreover, the rotating mechanism is similar to that shown in Fig. 1 . The rotating body is supported as a cantilever because the center of gravity of the rotating body is located on the back side of target which is outside the domain between the bearings. Therefore, the stationary shaft inclines to the rotating body relatively under large centrifugal loading, and severe direct contact occurs at the bearing end. It will be unable to generate appropriate fluid film on the bearing.
From the above, for the X-ray tube to be used in the helical scanning CT of a high speed type, the rotating mechanism should satisfy the following requirements.
(1) With bearings that can be used under the condition of high bearing load and high rotating speed.
(2) With a high rigidity structure that is tough enough to resist large centrifugal force. 
The proposal of a new rotating mechanism

Hybrid hydrodynamic bearing
For new suitable rotating mechanism of the X-ray tube for CT, the liquid metal film bearing is adopted instead of ball bearings. Because, in the case of hydrodynamic bearings, as long as the lubricating film can be properly generated and the power of driving motor is enough, the rotating speed can be increased without constraint. But, the previous liquid metal film bearing of the spiral grooved type is not suitable for the X-ray tube used in CT from the point of view of load carrying capacity. Although the bearing load is static, two kinds of load act on the bearing when it is used in helical scanning CT. As mentioned above, while the X-ray tube revolves in 150 rpm around a patient, a centrifugal acceleration of 20G is generated on the X-ray tube. However, while the revolving speed is 0 rpm, only the weight of the rotating body acts on the bearings. Therefore, two kinds of bearing loading condition, that is 1G and 21G (including the weight of rotating body) should be considered. Though sufficient load carrying capacity of bearings can be obtained by increasing the dimensions, the lubricating film under 1G loading will be too thick, and the risk of dynamic instability such as the occurrence of half frequency whirl increases. On the contrary, although the stiffness of the lubricating film can be increased by decreasing the dimensions of bearings, it will be difficult to obtain enough load carrying capacity under 21G loading. Therefore, a new concept bearing having both the stability under the low loading condition and a sufficient load carrying capacity under the high loading condition is needed.
In order to satisfy the both performances, the proposed new concept bearing consists of the partial grooved bearing with a large plain surface between the groove regions as shown in Fig. 3 . When the eccentricity ratio becomes large under high loading condition, fluid film is generated by wedge effect of the plain region. On the other hand, when the eccentricity ratio becomes small under low loading condition, the load is supported by hydrodynamic effect of the spiral grooves. Then, the stability is higher than that of plain bearings (8) . In this paper, we shall call this partial grooved bearing as "hybrid hydrodynamic bearing". This bearing uses two kinds of the hydrodynamic effect properly according to the loading conditions. Consequently, the required dimensions of the bearing can be minimized.
Both end supported structure and parallelism keeping in bearings
As shown in Fig. 4 , the proposed rotating mechanism consists of an outer rotating body and a stationary shaft with spiral grooves on the bearing regions. In order to secure enough rigidity to resist a large centrifugal force, the target is located between two bearings, and the stationary shaft is fixed at both ends. The target is connected to the rotating body by a thin walled section which is used for the purpose of heat insulation. Screw seals for preventing the leakage of liquid metal are provided on the both ends of the rotating body. The thrust bearings (spiral grooved type) act as stopper restraining the motion of the rotating body along the axis direction. Almost all the weight of rotating body is contributed by the target made of molybdenum which has a large specific gravity. When large centrifugal force acts on the rotating mechanism, the stationary shaft deforms like a parabolic curve. Then, as shown in Fig. 5(a) , the bearing surface inclines to the rotating body relatively, and solid contact may occur at the bearing ends.
Though the bending deformation and the relative inclination can be decreased by increasing the diameter of stationary shaft, it is not a good method because the bearing diameter should be determined from the point of view of load carrying capacity. Therefore, the method for decreasing the relative inclination is used as shown in Fig. 5(b) . The top of the bending deformation curve of stationary shaft is shifted to the domain outside the bearing span by adjusting the flexural rigidity of the stationary shaft. The bearing surface is kept parallel to the rotating body, and it becomes possible to generate appropriate fluid film on the bearings under all kinds of loading condition.
Design of the bearing and the rotating mechanism
The fundamental design was carried out in order to verify the applicability of the proposed rotating mechanism to CT use. The basic specifications are as following, target diameter is 200 mm, steady rotating speed is 10800 rpm (about twice that of a conventional X-ray tube), toughness to resist acceleration is 25G. The target diameter of 200 mm corresponds to that of the rotating anode type X-ray tube of the largest class. Moreover, the 25G toughness is a value corresponding to the scanning speed of current CT of the fastest class. The primary design items (steps) are as following.
(1) Design of the hybrid hydrodynamic bearing The shape of grooves and the optimal dimension of the plane region are determined for obtaining the required load carrying capacity and sufficient hydrodynamic effect.
(2) Structural design of the rotating mechanism With a minimum diameter of the stationary shaft, the structure of rotating mechanism for keeping the parallelism in bearing is determined by structural analysis.
(3) Securing sufficient rigidity of the rotating mechanism The eigenvalue analysis about the rotating mechanism is carried out by using the stiffness and damping coefficients of the lubricating film obtained in step (1) and the structural dimensions obtained in step (2) . Then, it is checked whether the natural frequencies of the rotating mechanism are high enough at 10800 rpm.
In the actual design process, the above 3 steps are repeated over and over until the requirements of all steps are satisfied simultaneously. 
Results and discussions
Characteristics of the hybrid hydrodynamic bearing
In the rotating mechanism as shown in Fig. 4 , the center of gravity of the rotating body is located at the center position between the two bearings in order to share the load equally. Table 1 shows the properties of the rotating body. When the acceleration a = 25G, the loading of 25 times of the rotating body weight acts on the two bearings. Because the mass m of rotating body is 10.35 kg, the loading is F = 25mg = 2.54 kN. The loading per one bearing is half of this value. Where, g is the gravitational acceleration.
Next, Table 2 shows the dimensions of the hybrid hydrodynamic bearing which is so designed that sufficient hydrodynamic effect of the grooves can be obtained. The groove width ratio α and groove depth ratio H are defined as (where, δ is the groove depth),
The bearing length L is 35 mm, and the plane length L P is 17 mm which is determined by considering the balance between the wedge effect of plane region and the hydrodynamic effect of groove regions. Fig. 6 shows the pressure distributions of the lubricating film in this bearing. Where, the rotating speed is 10800 rpm. Fig. 6(a) shows the analysis result under 1G loading (only the weight of rotating body). Fig. 6(b) shows the analysis result under 25G loading. The numerical analysis was carried out by ARMD (Advanced Rotating Machinery Dynamics, Version 5.6, RBTS, Inc.). Table 3 shows the coefficient of viscosity µ of the liquid metal (gallium alloy). µ = 1.2×10 -3 Pas is used in this analysis. In the case of 1G loading as shown in Fig. 6(a) , the film pressure is generated only in the groove regions. Therefore, the bearing works as a spiral grooved bearing. On the other hand, in the case of 25G loading as shown in Fig. 6(b) , the pressure is mainly generated by wedge effect of the plane region, and most of the load is supported by the plane region. That is, the hybrid hydrodynamic bearing works as a plane bearing. Then, it is expected that the groove regions act as the supplying mechanism of liquid metal for the plane region. Fig . 7 shows the characteristics of the load carrying capacity of bearing. The horizontal axis is the acceleration a in G unit, and the vertical axis is the eccentricity ratio ε . The analysis results of a full grooved bearing without plane region (L P = 0 mm) is also shown. It can be seen that the eccentricity ratio of the hybrid hydrodynamic bearing becomes smaller than that of the full grooved bearing from about 12G. This means that the load carrying capacity becomes greater due to wedge effect of the plane region. When the acceleration is 25G, though the eccentricity ratio ε in the full grooved bearing is 0.72, it is only 0.66 in the hybrid hydrodynamic bearing. Moreover, when the usable limit of ε is set as ε = 0.85, the limit of applicable acceleration for the full grooved bearing is about 36G, however, it is improved to about 60G by using the hybrid hydrodynamic bearing. It can be seen that the hybrid hydrodynamic bearing has the performances as expected. Therefore, the hybrid hydrodynamic bearing is applicable with enough margins to the cases of even higher loading due to the ever-increasing scanning speed of CT. Table 4 shows the stiffness and damping coefficients of lubricating film obtained by this analysis. These values are used in sections 5.2 and 5.3. Table 4 Stiffness and damping coefficients of lubricating film in hybrid hydrodynamic bearing (10800rpm) 
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Parallelism keeping between the bearings and the rotating body
In this section, based on the concept as shown in Fig. 5(b) , the structure for keeping the parallelism between the bearings and the rotating body is explained. In order to adjust the flexural rigidity of the stationary shaft, the diameter and length of a part of the stationary shaft are selected as design parameters, and different supporting methods are used at the both ends of stationary shaft. The right side is a clamped end and the left side is a simply supported end where the rotation about the radius direction is allowed. Then, the rotating body and the stationary shaft are modeled by beam elements, and the structural analysis is carried out. Fig. 8 shows the dimensions of the stationary shaft. Table 5 shows the material properties used in the analysis. The material of the target and the thin walled section used for heat insulation is molybdenum alloy. Except the motor rotor made of Cu alloy, the remaining parts of the rotating body and the stationary shaft are made of SKH4. Moreover, the rotating body is connected to the stationary shaft at the centers of the two bearings by spring elements with the stiffness coefficients (under 25G loading) shown in Table 4 . Fig. 9 shows the relative inclination angles between the bearing surface and the inner surface of rotating body when the acceleration is 25G. These analysis results are obtained by varying the design parameters L R and D R . Where, as shown in Fig. 8 , L R and D R are the length and the diameter of the connecting portion of stationary shaft on the simply supported (left) side, respectively. The relative inclination angle is defined as the difference between the rotation angles of the two nodes connected by the spring element. From these results, it can be seen that the relative inclinations in both the motor side (left) bearing and the target side (right) bearing become minimum simultaneously when L R = 100 mm and D R takes a value between 22 mm and 23 mm. Fig. 10 shows the bending deformations of the rotating body and the stationary shaft of the case in which L R = 100 mm and D R = 23 mm. It can be seen that, the top of the deformation curve locates slightly outside the left end of the motor side (left) bearing, and the parallelism in both bearings are kept in fine state. As a result, the rotating mechanism having the concept as shown in Fig. 5(b) has been realized. By this structure, appropriate lubricating film on the bearings can be generated under all kinds of loading condition of CT.
Natural frequencies of the rotating mechanism
Almost all the weight of rotating body is contributed by the target made of molybdenum. Therefore, it is easy to set the polar moment of inertia I P to be larger than the radius moment of inertia I D as shown in Table 1 . Then, the influence of gyro effect becomes notable and the vibration characteristics will be improved when the rotating mechanism rotates in a high speed. Here, the eigenvalue analysis was carried out in order to check the vibration characteristics of the rotating mechanism. The analysis model used is the same as that shown in Fig. 8 , and the dimensions of the connecting portion of stationary shaft are fixed to L R = 100 mm, D R = 23 mm which were determined in section 5.2. The stiffness and damping coefficients of lubricating film used are those shown in Table 4 . Table 6 shows the results of eigenvalue analysis. In both 1G loading and 25G loading, the eigenvalues are larger than the steady rotating speed 10800 rpm (180 Hz) of the rotating mechanism. The lowest eigenvalue is 316.6 Hz which is the 1st order eigenvalue under 1G loading. Due to the notable gyro effect of the rotating body, it is evident that the critical speeds will shift to a higher frequency domain. Consequently, although without carrying out other kinds of analysis such as the frequency response analysis, it can be judged that the rotating mechanism can operate safely without resonance at the high rotating speed of 10800 rpm (twice that of a conventional X-ray tube).
Conclusions
A high rigidity and high speed rotating mechanism using a new concept hybrid hydrodynamic bearing has been proposed in order to realize the X-ray tube suitable for high scanning speed CT. Furthermore, the possibility of realization and the performance of the rotating mechanism have been verified by carrying out the fundamental design by numerical analyses. The following results have been obtained. (1) The hybrid hydrodynamic bearing having a properly designed plane region works as a spiral grooved bearing under the low loading, and it works as a plane bearing under the high loading because the generation of pressure by wedge effect of the plane region becomes dominant. (2) The wedge effect of the hybrid hydrodynamic bearing when L P = 17 mm works from about 12G. Therefore, the hybrid hydrodynamic bearing has a notably higher limit of applicable acceleration than that of a full grooved bearing of the same size. (3) By adjusting the flexural rigidity of the stationary shaft, the top of the deformation curve can be shifted to the outside of the bearing span. As a result, the structure of rotating mechanism for keeping the parallelism in bearings has been realized. It became possible to generate appropriate lubricating film on the bearings under all kinds of loading condition of CT. (4) As shown by the eigenvalue analysis, the rotating mechanism can operate safely without resonance, even at 10800 rpm which is twice that of a conventional X-ray tube. From the above results, it can be concluded that the hybrid hydrodynamic bearing and the rotating mechanism have the performances as expected, and are suitable for the X-ray tube used in the CT with ever-increasingly scanning speed.
